Abstract Self-piercing riveting (SPR) has been widely used in automotive as one of the major joining technologies for aluminium structures due to its advantages over some of the more traditional joining technologies. Research has shown that friction is a very important factor that influences both the riveting process and the joint strength for SPR, but these influences have not been fully understood. In this paper, AA5754 sheets with different surface textures, such as original with solid wax, hot water washed, sandpaper ground and grit blasted, were used to study the influence of friction on therivet inserting process, joint features and static lap shear strength. The results of joint features and rivet setting displacement-force curve showed that hot water wash and sandpaper grinding on aluminium sheet did not have significant influence on the rivet inserting process and joint features; however, for joints with grit-blasted substrates, the rivetsetting forces were higher at the beginning, and a middle section of the curve and the joint features, such as interlocks and minimum remaining bottom material thickness (T min ), were clearly altered. The lap shear tests showed that hot water washing can slightly increase the lap shear strength, sandpaper grinding increased the static lap shear strength further and grit blasting increased the static lap shear strength the most.
Introduction
Aluminium has been proved having a great potential as to weight-reduction when it is used to replace traditional steel structures in automotive body structures to increase fuel efficiency and reduce CO 2 emission. Self-piercing riveting (SPR) is one of the main joining methods for aluminium intensive automotive body structures due to its advantages in the working environment, ability to join dissimilar materials, ability to join with adhesives, low-energy requirement and high static and fatigue-joint strengths [1] [2] [3] [4] . A lot of research results on SPR have been reported, such as on rivetability [5, 6] , rivet materials [7, 8] , rivet coatings [9] , joint strength [10] [11] [12] [13] , rivet geometry [14] and joint dimensions [12, 15] .
Friction is very important for both the rivet setting process and joint strength due to the relative movements between different components. The main frictions, existing in a SPR setting process or a SPR joint, are between sheet materials and between rivet and sheet materials. There are also frictions between the blank holder and the top sheet and between the bottom sheet and the die for the SPR setting process. As we know, friction between two surfaces is directly related with the surface condition. To find out the influence of surface conditions on the SPR setting process and joint strength, some research had been conducted.
Han and Chrysanthou [16] and Han et al. [17] studied the influence of coatings on sheet material on the joint quality and mechanical strength of SPR joints. In their study, AA5754 was used as the top sheet, and HSLA 350 with different coatings, i.e. uncoated, e-coated and zinc-plated, was used as the bottom sheet. The surface roughness of zinc-plated HSLA 350 was higher than that of the e-coated one but lower than that of the uncoated one. Their results showed that the extent of the effects of surface coatings on the joint quality and mechanical behaviour of SPR joints differed significantly with different types of coatings on the HSLA steel. Han et al. [18] also studied the influence of sheet/sheet interfacial condition on the fatigue performance of SPR joints. The results showed that the presence of a wax-based solid surface lubricant could delay the onset of fretting damage on the alloy surface, leading to extended fatigue life; the application of a PTFE insert at the interface between the riveted sheets eliminated or significantly reduced fretting damage but led to a reduction in the fatigue life due to a different failure mode. Results from Li et al. [13] showed that fretting during fatigue increased the surface roughness, which consequently increased the remaining static lap shear strength of the specimens due to the increased friction force between the tip of the punched hole in the top sheet and the edge of the partially pierced hole in the bottom sheet.
In this paper, the influence of different surface conditions of aluminium AA5754 through surface modification on rivet inserting process, joint features and static lap shear strength was studied.
2 Experimental procedure
Materials
The material used in this study is commercially available 2.0 mm thick AA5754 with a standard pre-treatment (PT2) and wax lubricant (AL070). The AA5754 is an Mg-rich Al alloy, and it has UTS of 241 MPa, yield strength of 110 MPa and elongation of 25%. The wax layer on the surface of AA5754 is a solid lubricant, which is very important for stamping for reducing the friction between parts and stamping press.
Surface modification
In order to see the influence of surface texture, such as lubricant, roughness and friction coefficient, on the SPR riveting process and joint strength, certain surfaces around the joining area of the sheet materials before rivet inserting were modified with different methods, i.e. washing with hot tap water (around 60°C), grinding with P120 sandpaper and grit blasting. After blasting, the coupons were blown with a compress air gun to remove the residual grit particles as much as possible. The target surfaces are the bottom surface of the top sheet and/or the top surface of the bottom sheet. However, when washed with hot tap water, the other side of the sheet material would be affected as well, since it was also exposed to the hot water. For joint quality analysis and SPR setting process study, 38 mm square coupons were used; for lap shear tests, 111.5 mm × 48 mm coupons were used. For the 38 mm × 38 mm coupons, the modified area is the whole coupon area (either the bottom surface of the top sheet or both the bottom surface of the top sheet and the top surface of the bottom sheet); for the coupons for lap shear specimens, the modified areas are about 23-30 mm × 48 mm at the overlapping end on both the bottom surface of the top sheet and the top surface of the bottom sheet.
Sample preparation
The basic stack used for this study is a 2-mm AA5754 top sheet joined to a 2-mm AA5754 bottom sheet, and thereafter called (2+2)AA5754. For all joints, 6.5 mm long steel rivets with a countersunk head and mechanical zinc/tin surface coating were used. The rivets were supplied by Henrob Ltd., and all samples were produced using the Henrob servo-driven SPR system with a fixture to ensure an accurate and consistent riveting location. A rivet/die/velocity combination, as listed in Table 1 , was selected to achieve good joint features/quality. The displacement-force curves for rivet inserting processes were recorded with an Emhart Tucker SPR system with the same rivet/die combination and an equivalent setting force to achieve equivalent joint features. Joint quality of specimens was inspected through cross sections. A special fixture was used to ensure all joints were vertically cross-sectioned through the centre of the rivets. Following sectioning, the joint features were measured and analysed with respect to rivet head height, interlock and minimum remaining bottom material thickness using the a4i image analysis software supplied by Aquinto. At least three joint cross-sections were measured for each joint combination.
Specimen geometries and dimensions for lap shear tests are shown in Fig. 1 . During the preparation of lap shear specimens, coupons were cut from the sheet such that the longitudinal direction of coupons (loading direction during subsequent mechanical tests) coincides with the rolling direction of sheet metal. To reduce any variations of rivet position, a custom-designed fixture was used to set rivets into correct positions. For each specimen, the coupon width was fixed at 48 mm, and two rivets were set with an edge distance of 11.5 mm, which was recommended by Li et al. [12, 15] for optimum static and fatigue SPR joint strength.
Mechanical tests
Mechanical tests were conducted by following the company standards. A bench-top Instron with a cross-head speed of 10 mm/min was used for the static tests, and in order to minimize coupon-bending during lap shear testing, 2 mm thick spacers were applied at the two clamping ends of the lap shear samples. At least three specimens were tested for each joint combination.
Friction tests
The friction behaviour between two fresh AA5754 friction pads and the specific surfaces of a 2 mm thick AA5754 test strip was measured using a custom-made device, as shown in Fig. 2 , attached to an Instron tensile test machine. The bottom of this device was mounted on the platform of the Instron; the test strip was fixed on the grip of the Instron with the strip passing between the fixed and the moving pads (with smaller friction pads attached) of the device. During a friction test, a pressure was applied in the pneumatic system, and a force would be transferred to the piston through the lever and subsequently to the friction test pads. After each test, the worn friction pads would be removed, and a pair of fresh pads would be attached for the next test. The dimension of the friction pads was 14 mm × 14 mm with~1 mm chamfer at the four edges on the contact surface (contact area was about 12 mm × 12 mm); the dimension of the test strips was 25 mm × 330 mm. Two contact pressures were used, and they were 4.58 and 22.92 MPa, corresponding to the compressed air pressure of 1 and 5 bar, respectively. The 1 bar pressure is the minimum accurate pressure that can be controlled by the compressed air regulator, which was used to produce a lowload friction; the 5 bar pressure was used to produce a highload friction as comparison. 
Roughness measurement
The roughness of the 38 mm × 38 mm coupons with different surface modifications was measured with an Alicona InfiniteFocus optical roughness measurement system. Optical lens of ×5 and 800 μ cut-off wavelength were used. The coupons were measured along two perpendicular directions, one along the rolling direction and the other along the direction vertical to the rolling direction. Three measurements were conducted at each direction evenly across the 5.6 mm × 5.6 mm measurement area. Figure 3 shows a cross section of the reference SPR joint studied in this paper. The SPR joint quality attributes were measured and annotated, and these are rivet head height of −0.08 mm, an average interlock of 0.77 mm and a minimum remaining bottom material thickness of 0.68 mm. Figure 4 shows the cross sections of (2+2)AA5754 SPR joints with certain surfaces modified by washing with hot tap water and grinding with P120 sandpaper. Since the virgin AA5754 sheet material has a wax lubricant (AL070) on the surface, washing with hot water (around 60°C) will melt and wash a large amount of wax away although not completely remove it; grinding with sandpapers will also remove some of the wax away and make the surface rougher. As a result, the frictions at the top and bottom sheets interface would be increased after washing with hot water and grinding with sandpapers. From Figs. 3 and 4, it can be seen that for the joints with surfaces modified by washing with hot water or grinding with the P120 sandpaper, the interlock distances did not have obvious change compared to the reference joint, but the rivet head height and the minimum remaining bottom material Fig. 3 Cross section of a reference (2+2)AA5754 SPR joint with original surface texture and lubricant Fig. 4 Cross section of the (2+2)AA5754 SPR joints with the bottom surface of the top sheet modified by a washing with hot tap water and b grinding with P120 sandpaper (the black outline is the profile of the deformed rivet and sheet materials in the reference joint) thickness slightly increased. By comparing the outlines of the deformed rivets and sheet materials with those from the reference joint, no significant difference can be seen. Figure 5 shows the cross sections of (2+2)AA5754 SPR joints with certain surfaces modified by blasting. It can be seen that for the joints with surfaces modified by grit blasting, the interlock distances had an obvious increase; the rivet head height increased slightly; however, the minimum remaining bottom material thickness was reduced greatly. This reduction of the minimum remaining bottom material thickness was caused by the material thinning between the rivet tail and the side edge of the joint button, although the minimum remaining bottom material thickness to the bottom surface of the joint button was actually increased. By comparing the outlines of the deformed rivets with those from the reference joint, it can be seen that the rivets in these two types of joints had much larger bending deformation than that in the reference joint. Table 2 summarizes the joint features of some SPR joints. It can be seen that when the sheet materials were modified by washing with hot water and grinding with sandpapers, the rivet head height and the minimum remaining bottom material thickness to the bottom surface of the joint button slightly increased, but the average interlocks for the joints did not have an obvious increase. When the sheet materials were modified by grit blasting, the rivet head height and the interlock distance had an obvious increase and the overall T min and the T min to the sides of joint buttons became much thinner, although the T min to the bottom of joint buttons increased. Figure 6 shows the surface textures of 2 mm AA5754 with different surface modifications. From Fig. 6b , it can be seen that after washing with hot tap water, the surface texture of AA5754 did not have an obvious change, but the rolling tracks can be seen more clearly because some of the solid wax lubricant was washed away by the hot water. The coupon for Fig. 6c was ground vertical to the rolling direction. It can be seen that after grinding, the rolling tracks could not be seen any more and the surface became rougher. The surface of the coupon after grit blasting became much less reflective and more even without any track, and there were likely some grit fragments that remained on the surface according to the research from Maruyama et al. [19] . Table 3 shows the overall surface roughness (measured from two perpendicular directions) of 2 mm AA5754 with different surface modifications. It can be seen that hot tap water washing increased the surface roughness slightly, grinding with P120 sandpaper doubled the surface roughness and grit blasting increased the surface roughness the most. The slightly increased surface roughness by hot water washing should be related to the partially removed solid lubricant on the surface. For the reference coupon and the coupon washed by the hot tap water, the roughness along the direction of vertical to the rolling direction was higher than that along the rolling direction. For the coupon ground by P120 sandpaper, the roughness along the direction of vertical to the grinding direction was higher than that along the grinding direction. For the coupon that was grit blasted, the roughness along the two directions was similar. Table 4 shows the friction forces between the virgin AA5754 and the surface-modified AA5754 sheet material. Two gauge pressures, 1 and 5 bars, were used; the equivalent contact forces between the friction pads and the test strip were 660 and 3300 N, respectively. The measured friction forces were double of the frictions at one pad and the strip interface, since the contacts were from the two sides of the strip. During most of the friction tests, the friction was not stabilized after static friction due to partial ploughing of friction pads into the test strips, so the lowest friction forces after static friction could only give indication of the dynamic friction forces, and they quickly developed into much higher wearing forces. Although the repeatability of the friction tests was not good, the results did give an indication of the degree of the friction of various interfaces.
Results

SPR joint quality
Surface texture and roughness
Friction forces
It is believed that the friction between sheet-material interface is determined by the sheet material surface conditions, such as roughness, amount of remaining lubricant and residual R a average roughness, R q root-mean-square roughness, R t maximum peak-to-valley height roughness hard particles (from grit blasting). Increased surface roughness, reduced lubricant and embedded hard particles will increase interface friction. From Table 3 , it can be seen that by washing with hot tap water, grinding with P120 sandpaper and grit blasting, the surface roughness of AA5754 was increased. These surface modifications also reduced the amount of solid lubricant on the surface. From Table 4 , it can be seen that washing the strips with hot water could slightly increase the friction forces; grinding with P120 sandpaper could further increase the friction forces; grit blasting increased the friction forces the most. Comparing Tables 3 and 4 , it can be seen that the measured static friction forces at low contact force were roughly proportional to the surface roughness. Table 4 also shows that with a larger contact force (gauge pressure) the increase of friction forces due to surface modification would be much larger. Figure 7 shows the SPR rivet setting displacement-force curves for joints with and without local area surface modification. It can be seen that washing with hot tap water and grinding with P120 sandpaper did not have obvious influence on the rivet setting displacement-force curves. For the sheet materials modified by grit blasting, the rivet setting forces were slightly higher between displacements of 0 and 2 and displacements of 4 and 7, but there was no obvious influence at the end of the rivet setting process; around displacement of 3, the rivet setting forces were similar or even lower than that for the original sheet materials (reference). From the results in Sects. 3.1 and 3.4, it can be seen that different surface textures through different surface modifications had different influences on the joint quality and rivet inserting displacement-force curves. When the surface of the AA5754 sheet material was modified through washing with hot water and grinding with P120 sandpapers, the different surface textures did not have obvious influence on the joint quality and rivet inserting process. However, when the surface of the AA5754 sheet material was modified through blasting, the joints had different joint quality due to different rivet and sheet material deformation, and the slightly higher forces were required at the beginning and in a middle section of the rivet inserting process. It is believed that the difference on the joint quality and the rivet setting forces between the reference stack and the stack with blasted surfaces is caused by the friction difference at the top/bottom sheet interfaces. Figures 9 and 10 show the SPR rivet setting displacement-force curves with joint cross sections for the (2+2)AA5754 stacks with the original surfaces and the blasted surfaces, respectively. From the joint cross sections, it can be seen that the difference of the deformation of the rivets between the two stacks is not obvious before the rivet inserting into the bottom sheet. However, after the rivet started to pierce the bottom sheet, this difference became obvious. The main frictions during a SPR rivet setting process are the friction between the rivet and the sheet materials and the friction between the top and the bottom materials. The friction between the rivet and the sheet material is mainly controlled by the rivet surface conditions and the bulk properties of the sheet materials. In this study, because the rivets and the bulk properties of the sheet materials were the same, the main friction that caused the difference of the rivet setting process was from the top and bottom material interfaces. It is believed that the friction between the top and the bottom sheets outside the rivet piercing area had no significant influence on the rivet setting process, because during the early stages, there was a gap between the top and the bottom sheet at the friction-sensitive area (next to the rivet inserting location), and after the gap was closed up, there was no large relative movement between the top and the bottom sheets at this location. The main influence is believed to be from friction at the interface between the punched portion of the top sheet and the bottom sheet. At the beginning stages of rivet inserting, the rivet punched through the top sheet, and the bottom material was bent into the die cavity; the bottom sheet had much larger deformation along the sheet material plane direction than the top sheet. When a large friction exists between the punched portion of the top sheet and the bottom sheet, the deformation of the bottom sheet would become less even, and as a result, necking and stress concentration would happen and a higher force would be required to set the rivet and deform the bottom sheet. After the rivet started to penetrate the bottom sheet, there were three main activities for the rivet setting process, including (i) rivet further penetrating into the bottom sheet, (ii) pushing of the punched top material into the rivet cavity and (iii) further stretching and filling of the bottom material into the die cavity. Similarly, when a large friction exists between the punched portion of the top sheet and the bottom sheet, the deformation of the bottom sheet would become more difficult and a larger force would be required. Because the deformation of the bottom sheet was mainly executed through the rivet skirt and the interaction between the punched portion of the top sheet and the bottom sheet, the rivet skirt would have a larger deformation as well, resulting in a larger interlock distance. From Figs. 3, 4 , and 5 and Table 2 , it can be seen that the thinnest bottom remaining material could be between the tips of the rivet legs and the sides of the joint button, or between the rivet/bottom sheet interface or the top/bottom sheet interface and the bottom of the joint button. For the reference joints, the T min was between the rivet/bottom sheet interface or the top/bottom sheet interface and the bottom of the joint button; however, for other joints with modified sheet surfaces, the T min was between the rivet legs and the side of the joint button. From Table 2 , it can be seen that those surface modifications greatly increased the minimum remaining bottom material thickness to the bottom of the joint button. Washing with hot water and grinding with P120 sandpaper also increased the minimum bottom material thickness to the side of the joint button, but blasting reduced the minimum bottom material thickness to the side of the joint button due to a larger rivet skirt flare.
SPR rivet inserting process
Influence of sheet surface textures/friction on static lap shear strength
Results from Li et al. [13] pointed out that the friction force between the tip of the punched hole in the top sheet and the edge of the partially pierced hole in the bottom sheet was very important for static lap shear strength. Their results showed that fretting during fatigue increased friction force between the tip of the punched hole in the top sheet and the edge of the partially pierced hole in the bottom sheet, and as a result, the remaining static lap shear strength of the specimens was increased. Figure 11 shows the lap shear fracture interfaces of the specimens with different surface textures. The arrows indicate the areas where materials slid against each other during lap shear tests. It can be seen that the fracture interfaces for all specimens are similar, where rivets were pulled out from the bottom locking sheet and there were friction marks between the tip of the punched hole in the top sheet and the edge of the partially pierced hole in the bottom sheet. However, for the joints with blasted surface, the top sheet was also ruptured underneath the rivet head. This indicated that the top sheet of the joints with blasted surface sustained a larger force during the lap shear test. For these joints, the interlock distance was much larger than that of the reference joint, as shown in Table 2 , which would produce a larger interlocking strength. As a result, to pull the rivet out of the bottom sheet, the top sheet had to sustain a larger force.
In this study, from Fig. 6 and Tables 3 and 4 , it can be seen that because of the different sheet surface conditions, such as roughness, amount of remaining lubricant, and residues of hard particles (from grit blasting), the friction severity between the sheet interfaces was different, grit blasted > P120 sandpaper ground > hot tap water washed > reference. It is believed that there were two main factors that were influencing the lap shear strength of the joints studied, i.e. the rivet interlock distance and the friction between the top and the bottom sheet. Because the joints with substrates washed in hot water or ground with sandpaper had similar joint features, especially interlock distance, as the reference joints, as shown in Table 2 , the small increase of the lap shear strength (0.1 kN for hot water washing and 0.3 kN for sandpaper grinding) was mainly caused by the increase of the local friction between the top and the bottom sheet during the lap shear tests. For joints with sheet materials modified by grit blasting, the increase of lap shear strength was much larger (0.9 kN). This larger strength increase was caused not only by the larger friction force between the top and the bottom sheets but also by the larger interlock distances, because for these joints, the joint interlock distance was larger compared with that for the reference joints.
Conclusions
To study the influence of surface textures on rivet inserting process, joint features and static lap shear strength, one or both of the mating surfaces of the (2+2)AA5754 stack-the bottom did not have significant influence on the rivet inserting process and joint features. However, grit blasting on AA5754 increased the rivet setting forces at the beginning and a middle section of the rivet setting displacementforce curve and changed the joint features, with increased interlocks and reduced minimum remaining bottom material thickness (T min ). It is believed that the difference in the SPR rivet inserting process for the sheet material with different surface conditions was mainly caused by the friction difference between the punched portion of the top sheet and the bottom sheet.
2) The method used to measure the friction between original and modified AA5754 surfaces could not provide consistent results. Stabilized dynamic friction could not be sustained, and the tests normally ended up with wearing between the surfaces. However, the friction tests could give indication of the degree of friction. In this study, the degree of friction for the surfaces measured was in the following order (from high to low): grit-blasted surfaces, P120 sandpaper-ground surface, hot-tap waterwashed surface and original lubricated surface.
3) The lap shear tests showed that hot tap water washing can slightly increase the lap shear strength, P120 sandpaper grinding increased the static lap shear strength further and grit blasting increased the static lap shear strength the most. It can be seen that surface modifications can be used to change the lap shear strength of SPR joints.
